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Polyethylene  (PE)  waste  disposal  is  a major  issue  now  a days  that poses  serious  threats  to human  and
environmental  health.  Among  the  methods  of dealing  with  problem,  photocatalytic  degradation  in the
visible  light  is an  alternative  option  that has  received  attention  recently.  The  photo  catalyst,  generally
used,  is  titania  in  the  nanoparticle  form.  In  the current  study,  complexity  of  employing  a larger  surface
area  nanomaterial  in the  form  of  titania  nanotubes  has  been  investigated.  Prepared  nanostructures  were
characterized  by  SEM,  EDS,  XRD,  BET  surface  area  measurements  and UV-visible  spectroscopy.  Taking  aitania
ow density polyethylene
hotocatalytic degradation
itania nanotubes
ye sensitization
lead from  the  work  done  for  the  development  of  dye  sensitized  solar  cells,  blue  green  dye was used  to
sensitize  the  TNTs  with  very  encouraging  results.  The  degradation  of  pure and  composite  PE ﬁlms  was
measured  in terms  of photo-induced  weight  loss  and was  conﬁrmed  by  FTIR,  SEM,  surface  roughness  and
tensile  strength  testing.  Thus,  polyethylene  ﬁlms  with  10%  dye sensitized  titania  nanotubes  showed  a
degradation  of  around  50%  under  visible  light  over  a short  period  of  45  days.
©  2016  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license. Introduction
Excessive use of plastics in domestic, industrial and agriculture
ectors exert pressure on capacities available for plastic waste dis-
osal which cause an additional burden on the environment (Shah
t al., 2008; Zan et al., 2006). Plastics including shopping bags, pre-
ared from polyethylene (PE), after their useful life, ﬁnd their way
o streets, sidewalks, beaches and water bodies ultimately to the
lock sewerage system which may  serve as a suitable habitat for
isease causing vectors including mosquitoes (Njeru, 2006) and
ead to the death of billions of marine animals by ingestion of the
lastic debris or entanglement (Sheavly and Register, 2007).
A number of approaches have been proposed for dealing
ith the plastic waste. These include incineration, landﬁlls, ther-
al  degradation, bio-degradation and photo-catalysis (Singh and
harma, 2008). Many of these are associated, however, with
econdary problems. Uncontrolled burning of polyethylene pro-
uces vapors which includes many toxic compounds like ketones,
crolein, and methane and pollute the air which causes serious
∗ Corresponding author.
E-mail address: sabasadaqat@iese.nust.edu.pk (S.S. Ali).
ttp://dx.doi.org/10.1016/j.enmm.2016.01.001
215-1532/© 2016 Published by Elsevier B.V. This is an open access article under the CC B(http://creativecommons.org/licenses/by-nc-nd/4.0/).
environmental hazards (Briassoulis et al., 2004; Briassoulis, 2006).
Polyethylene wastes buried in soil cause negative effects to soil
quality and may  affect the drainage patterns leading to declined
agricultural yield (Seymour, 1989).
Thus, attention has been focused on alternative means of
degrading the plastic material, in general, and polyethylene in par-
ticular. These include thermal, catalytic, mechano-chemical, ozone
induced and photo-oxidative degradation. Out of all methods, pho-
tocatalytic degradation of polymers such as PE has stands out as
the most promising (Kim et al., 2006; Chakrabarti et al., 2008;
Zhao et al., 2008; Asghar et al., 2011; Mehmood et al., 2015). Pho-
tocatalysis using nanostructures as photocatalysts could thus be
encouraging and environmental friendly way to tackle the PE prob-
lem (Yuan et al., 2013).
Among various types of photocatalysts, TiO2 (commonly known
as Titania) is extensively used for degradation of organic pollutants
(Gelover et al., 2004). Titania is a promising photocatalyst due to its
high photoactivity, high stability, low cost and absence of toxicity
(Fostier et al., 2008). The use of titania as a photocatalyst has also
been reported for polyethylene degradation with considerable suc-
cess (Zan et al., 2006; Zhao et al., 2008, 2006; Zhiyong et al., 2007;
Asghar et al., 2010; Thomas et al., 2013; Liang et al., 2013).
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Details of pure and composite LDPE ﬁlms.
Sr # % of Nanostructres
by weight in PE ﬁlms
Weight (gm) Thickness (mm)
1 Pure LDPE – 0.0150 0.024
2  TNPs 1% 0.0201 0.030
3  2% 0.0172 0.025
4  7% 0.0171 0.029
5  10% 0.0194 0.026
7  TNTs 1% 0.0187 0.020
8  2% 0.0184 0.025
9  7% 0.0221 0.023
10  10% 0.0205 0.025
11  BG-TNPs 1% 0.0197 0.027
12  2% 0.0113 0.023
13  7% 0.0204 0.029
14  10% 0.0204 0.028
16 BG-TNTs 1% 0.0194 0.026S.S. Ali et al. / Environmental Nanotechnol
For a catalyst in general and the photocatalyst in particular, the
ctive surface area is of critical importance. In the PE degradation
tudies reported so far titania has been used in the form of nanopar-
icles. An option for using a larger surface area material, in the form
f nanotubes, however, exists (da Silva et al., 2015).
Titania nanotubes (TNTs) are now gaining importance in the
rocess of photo-catalysis (Latif et al., 2014) due to their excep-
ional chemical and physical properties like high surface area, photo
atalytic activity, widespread accessibility and ease of production
y an easy and efﬁcient hydrothermal method under moderate con-
itions of pressure and temperature (Wong et al., 2011). Another
ssue of concern is that TiO2 is active only in the UV wavelength
ange below 385 nm which is less than 5% of solar light. Signif-
cant efforts have been made to utilize visible part of solar light
nd to alter the photocatalytic properties of TiO2 also as doping of
anomaterials with metals (Kato et al., 2005).
Dye sensitization signiﬁcantly enhance the photocatalytic activ-
ty of the titania nanostructures which has been applied for the
abrication of solar cells (Wang and Lin, 2009; Macák et al., 2005).
ye sensitization is also an efﬁcient method to enhance the photo
esponse of TiO2 in the visible range of spectrum and has been
ffectively used for environmental applications (Chowdhury et al.,
012; Vinu et al., 2010; Chatterjee and Mahata, 2001; Chatterjee
t al., 2006). BG dye also called emerald green, or malachite
reen has been used in industry such as paper production to
olor paper towels and to dye silk. Brilliant green dye (BG, bis (4-
iethylaminophenyl)phenylmethylium chloride) has been used to
ensitize titania monoliths (Tomás et al., 2008).
. Materials and methods
.1. Reagents
Cyclohexane (Merck, Germany), Hydrochloric Acid, Sodium
ydroxide, General Purpose Reagent (GPR) TiO2 (Sigma–Aldrich
aborchemikalien) and brilliant green dye (chemical for-
ula = C27H34N2O4S; Dye content = 90%, Molecular Weight
82.63 g/mol) from Sigma Aldrich were used without further
uriﬁcation. Low-density polyethylene (LDPE) pellets having a
elting point 115 ◦C and density 0.93 g/cm3 were purchased from
he local market.
.2. Synthesis of TiO2 nanostructures and PE ﬁlms
25 g GPR was taken in distilled water and stirred for 24 h on a
agnetic plate. The resulting solution was then dried in oven at
05 ◦C for 12 h. The dried sample was then crushed and calcined
n a mufﬂe furnace at 450 ◦C for 6 h to get TNPs in anatase phase
Khan et al., 2013).
Pure TNTs were synthesized by the hydrothermal method where
.5 g prepared TNPs were added in 100 ml  of 10 M NaOH solution
nd stirred for 2 h followed by 1 h ultra-sonication. The resulting
aterial was transferred into Teﬂon lined autoclave under pressure
t 135 ◦C for 24 h with continuous stirring. Sample was extracted,
ooled at room temperature and washed with 0.1 N HCl and then
istilled water several times until the pH of the solution became
eutral (6.5–8). After washing, the solution was dried in hot air oven
or 24 h at 105 ◦C. The sample was then ground into ﬁne powder and
alcinated at 500 ◦C for 6 h in order to obtain highly crystalline TNTs
Asapu et al., 2011; Latif et al., 2014).The dye sensitized photocatalyst was prepared by adding
00 mg  of TNPs or TNTs in a saturated solution of brilliant green
ye. Suspension was stirred on magnetic stirrer for 24 hours in dark
o homogenize the dye and achieve the absorption equilibrium.17  2% 0.0197 0.024
18  7% 0.0194 0.022
19  10% 0.0197 0.022
TNPs/TNTs were ﬁltered, washed with DW and dried (Chatterjee
and Mahata, 2001; Macák et al., 2005).
Pure polythene ﬁlms were prepared by dissolving 0.5 g of LDPE
beads in 50 mL  cyclohexane at 70 ◦C under continuous stirring for
90 min. 10 mL  of the LDPE suspension was spread on glass petri
plate to get pure LDPE ﬁlm. Composite LDPE ﬁlms were prepared
by dissolving the required amount of TNPs, TNTs or Dye sensitized
TNPs in the LDPE suspension and after one hour ultra-sonication,
10 mL  of each combination was spread on different glass petri
plates. All ﬁlms were dried for 20 min  at 70 ◦C and kept at room
temperature for 48 h (Asghar et al., 2011). Details of pure and com-
posite LDPE ﬁlms are given in Table 1. Weight of the resulting
composite was  around 0.02 g and thickness was  about 0.024 mm.
LDPE ﬁlms were cut into 3 cm × 3 cm square pieces and exposed to
UV or visible light for degradation experiments.
2.3. Experimental setup
Photo-degradation of LDPE and composite ﬁlms was  carried out
under UV light for 15 days in ambient air with a distance of 5 cm
from the light source. After getting expected results under UV light,
visible light experiments were carried for 45 days under the same
conditions. Films were constantly irradiated in a closed wooden box
containing lamp (90 cm × 50 cm × 50 cm)  as displayed in Fig. 1. For
photo-catalytic experiments, two  18W ultraviolet lamps (primary
wavelength of 315 nm)  were also used for photo-catalytic activ-
ity in UV range and visible lamps of 85 watt with a wavelength
range of 400–700 nm were used as light source. ABM Model 150
digital intensity meter was  used for light intensity measurement.
Light intensity was 2.54 mW/cm2 for UV lamps and 6.76 mW/cm2
for visible lamp measured at 5 cm away from sources. A set of ﬁlms
was also kept under dark. Each sample was  weighed at regular time
intervals.
2.4. Characterization
Surface morphology and size range of titania nanostructures
were characterized by scanning electron microscope (JEOL JSM-
6460). Energy dispersive spectroscopy (EDS) analytical technique
was used to obtain spectra of TNPs and TNTs by using JEOL JSM
6490A analytical station to analyze the elemental composition. X-
Ray Diffraction Analysis was  used for phase identiﬁcation of TNPs
and TNTs by using JEOL JDX-II X-ray diffractometer. The scanning
was done between 10◦ to 80◦ at a rate of 5◦ per minute using
Cu-K radiation ( = 0.15478 nm)  at an angle of 2. Standard condi-
tions for XRD measurements were; room temperature, radiation at
46 S.S. Ali et al. / Environmental Nanotechnology, Monitoring & Management 5 (2016) 44–53
otocat
v
t
(
L
s
n
u
T
1
b
a
A
t
o
s
m
a
J
o
s
s
f
%
w
i
uFig. 1. Experimental setup for ph
oltage of 40 keV and 30 mA  of current. The X-ray diffraction pat-
erns helped to get crystalline size based on the Scherer equation
Kim et al., 2001).
 = k
ˇcos
UV–vis spectrophotometer ((SQ-2800 Unico) was  used for mea-
uring the absorbance of pure and dye sensitized nanoparticles and
anotubes. Micromeritics Gemini VII BET surface area Analyzer was
sed to measure the pore size and speciﬁc surface area of TNPs and
NTs. For BET analysis TNTs or TNPs samples were ﬁrst degassed at
30 ◦C for 4 hours under vacuum (Akarsu et al., 2006).
Tensile testing was done to determine the strength of LDPE ﬁlms
efore and after irradiation. The testing procedure was followed
ccording to ASTM 882-85. Universal Testing machine (Schimadzu
G XPlus 20kN) was used for this testing. UV–vis spectrophotome-
er (T 60PG instruments) was used for measuring the absorbance
f ﬁlms before and after irradiation.
Nanovea 2d Optical proﬁlometer PS50 was used to measure the
urface roughness of LDPE ﬁlms before and after irradation. Surface
orphologies of pure and composite ﬁlms before and after irradi-
tion were characterized by scanning electron microscope (JEOL
SM-6460).
To study the weight loss during photocatalytic degradation
f LDPE and composite ﬁlms, weighing balance with 0.0001 gm
ensitivity (Schimadzu Model ATY-224) was used for weight mea-
urements. The percentage mass loss was determined by this
ormula:
 Mass loss = mi − mf
mi
× 100here mi = Initial weight before irradiation mf = Final weight after
rradiation
FTIR spectra of LDPE and composite ﬁlms were obtained
sing Perkin Elmer Spectrum FTIR spectromete to determinealytic degradation of LDPE ﬁlms.
molecular changes before and after irradiation. Degradation rates
were calculated by using the standard carbonyl index method.
3. Results and discussion
3.1. Characterization of nanostructures and LDPE ﬁlms
Fig. 2(a and b) shows the XRD results of nanoparticles and
nanotubes respectively. These graphs are obtained by powder XRD
technique using Cu-K radiations at an angle of 2 from 10◦ to 80◦
with a scanning step size of 0.021◦. The presence of four main peaks
at 2 values of 25.3◦, 36.9, 48.04◦ and 55.07◦ indicates that TNPs and
TNTs are in anatase phase and highly crystalline in nature. Energy
Dispersive Spectroscopy (EDS) Analysis in Fig. 2(c and d) shows that
major constituents for pure TNPs and TNTs are Titanium and Oxy-
gen i.e. approximately 43% and 56% in TNPs and 41% and 57% in
TNTs respectively. BET analysis of pure TNPs and TNTs revealed, at
Standard Temperature and Pressure (STP) shows the surface area
of pure TNPs as 81 m2/g and 161 m2/g for TNTs.
3.2. Tensile strength testing
Tensile testing was done to determine the strength of ﬁlms. The
testing procedure was  followed according to ASTM 882-85 with
using Universal testing machine (Schimadzu AG XPlus 20 kN). LDPE
ﬁlms with a gauge length of 30 mm and width of 10 mm were cut
from the ﬁlms and run at a speed of 1 mm/min  for tensile strength
measurements. The average value is presented for each sample.
Addition of nanostructure modiﬁes the mechanical properties of
LDPE composites which can be seen from their elongation at break
(εb) average values for each sample, as reported in Table 2. Tensile
strength is calculated by this formula and ﬁnal results are expressed
in Megapascals (MPa).
Tensile Strength = load at break
original width × original thickness
S.S. Ali et al. / Environmental Nanotechnology, Monitoring & Management 5 (2016) 44–53 47
F  of Tita
%ig. 2. (a) XRD Intensity plot for pure Titania Nanoparticles (b) XRD Intensity plotsPercent elongation is measured by;
 Elongation = Elongation at rupture × 100
Initial gage lengthnia Nanotubes (c) EDS Spectra of nanoparticles (d) EDS Spectra of nanotubes.It can be interpreted that ﬁlm degradation has a negative effect
on the tensile strength of ﬁlms. Addition of nanostructures also
affect tensile properties of LDPE ﬁlms as density of PE increases,
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Fig. 3. (a) SEM images of nanoparticles (b) nanotubes (c) Pure LPPE before exposure d) LDPE-TNPs composites after UV exposure e) LDPE-TNTs composites after UV  exposure
(f)  LDPE-TNPs ﬁlm visible light irradiated for 45 days (g) BG-TNPs ﬁlm visible light irradiated for 45 days (h) LDPE-TNTs ﬁlms visible light irradiated for 45 days (i) BG-TNTs
ﬁlm  visible light irradiated for 45 days (j) LDPE composite ﬁlms thickness containing 2% TNTs before visible light irradiation (k) LDPE composite ﬁlms thickness containing
2%  TNTs after visible light irradiation for 45 Days (l) Degraded LDPE ﬁlms containing TNTs under Visible light.
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Table  2
Tensile strength and elongation values for pure and composite LDPE ﬁlms before
and after visible irradiation.
Sample composition Tensile strength(MPa) Break elongation (%)
Before After Before After
Pure LDPE 10.2 9.8 3.53 3.41
LDPE + 2%TNPs 8.88 3.37 7.31 3.19
LDPE + 7%TNPs 8.37 0.92 3.12 1.95
LDPE + 2%TNTs 14.7 2.17 7.37 1.52
LDPE + 7%TNTs 8.81 1.84 7.12 1.73
Table 3
Weight loss data (under UV for 15 days) after applying exponential equation.
Titania concentration
in percentage (w/w)
Wo (gm) k R2 1/2 (days)
0% 0.0176 0.0003 0.9912 2310
1%TNPs 0.0205 0.001 0.9913 693
2%TNPs 0.0191 0.002 0.989 346
7%TNPs 0.0216 0.004 0.8952 173
10%TNPs 0.0198 0.004 0.9194 173
1% TNTs 0.0184 0.001 0.9696 693
2%TNTs 0.0197 0.003 0.914 231
7%TNTs 0.0229 0.005 0.922 138
10%TNTs 0.0196 0.006 0.994 115
Table 4
Weight loss data (under visible light for 45 days) after applying exponential
equation.
Titania concentration
in percentage (w/w)
Wo (gm) k R2 1/2 (days)
0% 0.0150 0.00009 0.593 7700
1% TNPs 0.0201 0.0009 0.8738 770
2% TNPs 0.0172 0.001 0.8774 693
7% TNPs 0.0171 0.001 0.8895 693
10% TNPs 0.0194 0.002 0.8823 346
1% BGTNPs 0.0197 0.001 0.8728 693
2% BGTNPs 0.0113 0.001 0.8576 693
7% BGTNPs 0.0204 0.002 0.8872 346
10% BGTNPs 0.0204 0.003 0.8818 231
1% TNTs 0.0187 0.001 0.8855 693
2%TNTs 0.0184 0.001 0.8898 693
7%TNTs 0.0221 0.002 0.8833 346
10%TNTs 0.0205 0.003 0.8752 231
1% BGTNTs 0.0194 0.001 0.8663 693
2% BGTNTs 0.0197 0.002 0.8849 346
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Table 5
Surface roughness values for pure and composite LDPE ﬁlms before and after
irradiation.
LDPE ﬁlms composition % Surface roughness (Ra)
Before After visible
(after 45 days)
After UV (15
days)
LDPE 0.52 0.79 0.91
LDPE + 2% TNPs 0.64 0.88 0.99
LDPE + 10%BG-TNPs 1.04 1.68 –
LDPE + 2%TNTs 0.56 1.22 1.42
surface area as compare to nanoparticles. These images show that7% BGTNTs 0.0194 0.002 0.899 346
10% BGTNTs 0.0197 0.004 0.8815 173
ensile strength increases while elongation percent decreases. The
igh percentage of TNPs or TNTs causes agglomeration in PE and
ltimately cause loss of tensile strength as nanostructures agglom-
ration in PE matrix cause some morphological alterations (Fa et al.,
010). Elongation also correlates with the formation of carbonyl
roups as during degradation as carbonyl ratio increases, percent
longation decreases. Films containing 7% titania nanostructures
howed maximum elongation loss and tensile strength decline after
5 days of irradiation. The ﬁlms degraded after UV radiation broke
own on touching and were so fragile that tensile testing could not
e performed on these ﬁlms.
.4. Weight loss measurements
LDPE ﬁlm weight reduction measurements was  carried out to
tudy their photo-degradation. Fig. 5(a and b) displays the photo
nduced weight loss of different samples with UV and visible light
rradiation, respectively. The values of ‘k’ for each titania concen-
ration (0–10%), values of the Correlation Coefﬁcient ‘R2’ and half-life
f each composite are tabulated in Tables 3 and 4. Weight loss dataLDPE + 10%TNTs 0.93 1.98 2.83
LDPE + 10%BG-TNTs 1.05 1.84 –
was plotted again time (d) and exponential equation was  ﬁtted on
it as ﬁrst order kinetics
dW
dt
= −kt (1)
With ‘k’ as the ‘degradation rate constant’ and, Wo as the weight at
day ‘0’ (the start of the disintegration process), integration of the
equation leads to Eq. (2).
W = Woekt (2)
After UV irradiation, the noticeable degradation rate shows a
maximum at ﬁlms containing 10% TNTs which is 78% by weight and
67% in case of 10% TNPs in 15 days which showed that nanotubes
are effective for photocatalytic degradation of LDPE (Fig. 5a).
Pure LDPE ﬁlms showed no noticeable weight loss after visible
irradiation but TNP embedding in LDPE matrix leads to the weight
loss of ﬁlms. In the case of LDPE composites with pure TNPs (10%)
exposed to visible light, (Fig. 5b) the weight of ﬁlms was  reduced to
almost 41% after 45 days. On the other hand, after 45 days of expo-
sure to visible light, almost 48% of the LDPE-10% TNTs composites
were degraded. Also, the weight loss rate for those ﬁlms which
contain brilliant green (BG) dye sensitized TNPs or TNTs is higher
than LDPE ﬁlms containing pure TNPs or TNTs. Similarly, compos-
ite ﬁlms containing BG sensitized TNTs showed faster degradation
rate under visible light as compare to BG-TNPs composites.
3.5. Surface morphology
3.5.1. Surface roughness measurement
Contact proﬁlometry provided 2D measurements of surface
roughness at the micrometer order. The test samples were LDPE
composite ﬁlms 3 × 3 cm in area. Contact proﬁlometry of ﬁlms
quantify the morphology of fractures and surface irregularities in
their surfaces before and after irradiation. For a given test line,
the roughness was  measured as the arithmetical mean of peaks
above and under the baseline (Chappard et al., 2003). The mean
roughness (Ra) was calculated from several samples according to
ISO 8247 and their roughness is tabulated in Table 5. Maximum
change in roughness was  observed in 10% dye sensitized TNTs com-
posite ﬁlms. Films were smooth and plane before degradation, but
photo induced weight loss caused fractures and holes in ﬁlms due
to which the surface roughness increased.
3.5.2. SEM analysis
Fig. 3(a and b) shows the images of TNPs and TNTs taken by
Scanning electron microscope. The diameter of spherical particles
ranges from 40 to 80 nm with an average value of 50 nm.  The aver-
age diameter of nanotubes is 40 nm.  TNTs are in the form of tubular
clusters not completely separated from each other and exhibit highthe size of nanoparticles and nanotubes are good enough to use in
our experiments. SEM image of pure LDPE ﬁlms before light expo-
sure is shown in Fig. 3c. SEM images of TNPs and TNTs composite
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lms after UV irradiation are shown in Fig. 3d and e respectively.
anotubes composites showed larger cavities and more damage as
ompared to nanoparticles composites.
SEM images of LDPE composites after visible light exposure are
hown in Fig. 3(f–i). The surfaces of those ﬁlms which contain BG
ensitized NPs or NTs are more damaged than LDPE ﬁlms containing
ure NPs or NTs. These composite ﬁlms showed some cavities from
egradation with large interconnected holes. LDPE and exposed
iO2 interaction starts the photocatalysis process and leads to the
ormation of holes around TiO2 nanotubes. Formation of volatile
egradation products might have produced such cavities in ﬁlms
Li et al., 2007). These results proved that degradation efﬁciency of
G-NTs is much better than pure TNPs. This result is according to
eight loss shown in Fig. 5(a and b). The ﬁnal degraded ﬁlms are
hown in Fig. 3l.
.6. Spectroscopic analysis
.6.1. UV–visible spectroscopy
Spectra of the dye adsorbed on pure and dye sensitized nanos-
ructures was taken by rubbing the powder sample on a piece of
ransparent paper and placing it into the optical path of built-in
ell holder of the spectrophotometer (same piece of blank paper
as used as a reference). Fig. 4(a) shows the UV–vis spectra of pure
nd dye sensitized nanoparticles and nanotubes. Pure TNPs or TNTs of pure and composite ﬁlms before and after irradiation exposure.
absorbs UV light and generate mobile electron e− in the conduc-
tion band and holes h+ in the valence band where adsorbed oxygen
species react with these electrons and produce reactive oxygen
species like O2−, O and O−. On the other side, BG sensitized nanos-
tructures showed absorbance in visible range (Zhao et al., 2008).
Fig. 4(b) shows the absorbance spectras of pure LDPE and composite
ﬁlms before and after irradiation. Pure ﬁlm showed less absorbance
in visible as well as in UV range but TiO2 embedded ﬁlms showed
absorbance in UV range and dye sensitized TiO2 composite ﬁlms
showed absorbance in visible range as well. Nanotubes exhibit
more absorbance than nanoparticles. But after visible irradiation
exposure, absorbance of TiO2 composites enhanced because ﬁlms
became whitish perhaps due to light scattering, with continuous
light exposure causing LDPE chains breaking and deterioration.
3.6.2. FT-IR spectrum
FT-IR spectra were used to examine the photo-catalytic degra-
dation of ﬁlms. Measurement range was 4000–450 cm−1, It was
observed that pure LDPE ﬁlms showed characteristics peaks in the
region of 1460 cm−1 (revealing a bending deformation) 2919 cm−1,
2857 cm−1 (assignable to CH2 as an asymmetric stretching) and
719 cm−1 (indicates a rocking deformation) which are same in all
ﬁlms showing that irradiation exposure does not change the chem-
ical properties of LDPE ﬁlms (Mouallif et al., 2011) as shown in
Fig. 6. The spectra of composite LDPE ﬁlms showed new peaks after
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Fig. 5. (a) Comparison of weight loss of pure and LDPE composites under UV light where nanotubes showed faster degradation as compare to Titania nanoparticles (b)
Comparison of weight loss of pure and LDPE composites under visible light.
Fig. 6. Comparison between FTIR spectra of different LDPE composite ﬁlms after irradiation.
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Table  6
Carbonyl index of pure LDPE and composite ﬁlms after irradiation.
Films composition Carbonyl index [C O: CH2]
LDPE 0.33
2%TNPs after vis 1.2
2% BG TNPs after vis 1.25
2% TNPs after UV 1.48
2%TNTs after vis 1.39
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rradiation around 1713 cm−1, 1178 cm−1 and 1631 cm−1 which
ould be due to the carbonyl group (C O) and C O, C C a stretch-
ng vibrations, respectively (Asghar et al., 2011; Li et al., 2007). OH
tretching region of hydroxylic group 3100–3600 showed incre-
ent in the ﬁlms as highlighted in Fig. 6. It has been reported earlier
hat an increase in the OH stretching region of hydroxylic group
050–3570 is due to formation of hydroperoxide and alcohol during
hoto-oxidation (Guadagno et al., 2001). These alterations in spec-
ra proved the structural alterations in LDPE ﬁlms while degrading.
.6.3. Carbonyl index method
To quantify the degree of photo-oxidation in polyethylene ﬁlms,
arbonyl index which is the ratio of absorbance of carbonyl group
round 1710 cm−1 to an internal thickness band as reference peak
t 1380 cm−1 is commonly used (Angulo-Sanchez et al., 1994;
alem, 2001).
arbonyl index (C.I) = A1710
A1380
Table 6 shows the carbonyl index of the LDPE and composite
lms, showing an increase after irradiation. The carbonyl index for
DPE composites which contain TNTs is higher than TNPs compos-
tes. Also TNTs enhance the carbonyl index from 0.33 to maximum
f 2.0 under UV light.
.7. Proposed LDPE photo-degradation mechanism
Photocatalytic degradation of LDPE is only stimulated by UV
ight due to presence of C C and C H bonds in polyethylene. The
avelength of UV light is in range of 200–390 nm which form
acromolecular radicals due to the as holes and electrons centers
fter reacting with LDPE. Water and oxygen reacts with these elec-
rons or holes to create active oxygen species leading to the chain
leavage and oxidation reactions. These oxygenated species such
s OH and O2•− are initiators of LDPE degradation by attacking the
olymeric chain (Fa et al., 2010; Zan et al., 2006; da Silva et al.,
014; IKADA, 1993; Mucha et al., 2014; u Zhao et al., 2007).
Basically, degradation of LDPE gains momentum by the presence
f alcoholic and carbonyl groups (Zan et al., 2006). It is proposed
hat in LDPE-(BG-TNPs or TNTs) composites, on titania nanostru-
ures, BG dye generates holes in ground state which takes part in
egradation of LDPE matrix also with OH and O2.
+ + (CH2CH2) → (CH2CH2) +
(CH2CH2) + + O2− → (C•HCH2) + HO2•
O2• + HO2• → H2O2 + O2
2O2→
hv
2
•
OHThe composites with BG-TiO2 can produce more OH to photo-
egrade polymer matrix. Monitoring of carbonyl groups helps to
etermine the degradation rate of PE. The damaging effects causedonitoring & Management 5 (2016) 44–53
due to photo-oxidative degradation can be noted visually like yel-
lowing, PE loss their mechanical properties and molecular weight
get change (Singh and Sharma, 2008).
TiO2 photosensitization starts when photons excites dye
molecules which are adsorbed on TiO2 and forms cationic radi-
cals by injecting electrons from valence band to conduction band of
TiO2. Reactive species like H2O2, O2 and OH thus produced allow the
injected electrons react with O2− absorbed on TiO2 surface which
ultimately help to degrade target pollutants (Li et al., 2012).
4. Conclusions
This study demonstrated the photocatalytic degradation pro-
cess of BG sensitized TNTs composite PE ﬁlms under visible light
exposure. Dye sensitization of nanostructures has increased the
degradation rate of LDPE ﬁlms under visible light and those ﬁlms
can degrade under sunlight with good rate. Volatile organic prod-
uct generation during photo-degradation produces defects in ﬁlms
which are conﬁrmed by FTIR, SEM and tensile strength measure-
ments. This new LDPE-TNTs composite is an environmental friendly
polymer material which could be degraded when exposed to the
outdoor environment.
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